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The Transcription Factor Pitx2 Mediates
Situs-Specific Morphogenesis in Response
to Left-Right Asymmetric Signals
(Levin et al., 1995). While Shh does not appear to be
asymmetric in the mouse (Collignon et al., 1996), and
there are no laterality defects reported in a mouse car-
rying a targeted mutation in Shh (Chiang et al., 1996),
at least in the chick, Shh acts upstream of subsequent
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Nodal is a transforming growth factor b (TGFb) family
member that is normally expressed exclusively in the
left lateral plate mesoderm between stages 7 and 91.Summary
Ectopic delivery of Shh protein to the right side of
Hensen's node results in the induction of Nodal on theThe mechanism by which asymmetric signals induce
right side of the embryo (Levin et al., 1995). Moreover,left-right-specific morphogenesis has been elusive.
when a carrier bead soaked in a blocking antibody di-Pitx2 encodes a transcription factor expressed through-
rected against Shh is placed adjacent to the node, thereout the left lateral plate mesoderm and subsequently
is a complete loss of the normal left-sided expressionon the left side of asymmetric organs such as the heart
of Nodal (Pagan-Westphal and Tabin, 1998), indicatingand gut during organogenesis in the chick embryo.
that Shh is necessary for the induction of Nodal.Pitx2 is induced by the asymmetric signals encoded
The broad asymmetric expression of Nodal through-by Nodal and Sonic hedgehog, and its expression is
out the left lateralplate mesoderm suggests that it could,blocked by prior treatment with an antibody against
in principle, influence the asymmetric morphogenesisSonic hedgehog. Misexpression of Pitx2 on the right
of all internal organs of the thorax and abdomen. Consis-side of the embryo is sufficient to produce reversed
tent with this, the expression pattern of nodal is tightlyheart looping and heart isomerisms, reversed body
correlated with visceral situs when altered by experi-rotation, and reversed gut situs.
mental manipulation of upstream factors such as Shh,
after surgical procedures that disrupt situs, or in genetic
Introduction
backgrounds where laterality defects are observed
(Levin et al., 1995; Collignon et al., 1996; Lowe et al.,
The vertebrate body plan, while superficially bilaterally
1996; Heymer et al., 1997; Levin et al., 1997; Lohr et al.,
symmetric, contains internal morphological asymme-
1997; Nascone and Mercola, 1997). In addition, direct
tries. During early development up until the end of neuru- misexpression of Nodal in chick and frog embryos alters
lation, the left and right halves of the vertebrate embryo the L-R position of the heart and visceral organs (Levin
appear to be mirror images of each other. This apparent et al., 1997; Sampath et al., 1997). The effect of Nodal
bilateral symmetry is first broken when the linear heart misexpression on heart morphogenesis differs from that
tube undergoes right-sided looping, a process con- of Shh. The presence of Shh on both sides of Hensen's
served among all vertebrates. Shortly thereafter, in node at gastrulation results in bilateral Nodal expression
mammalian embryos, the body undergoes a 1808 rota- and a 50:50 randomization of heart looping (Levin et al.,
tion to a ventrally flexed position. A similar process takes 1995). In contrast, direct introduction of Nodal to the
place in the chick, the embryo turning to the right and right side of the embryo results most commonly in a
rotating 908. Body turning always occurs in the same L-R symmetrical isomerization of the heart.Those hearts
direction and is the second gross morphological left- that were not isomerized looped either toward the left
right (L-R) asymmetry. Subsequently, organs in the body or the right (Levin et al., 1997). One possible explanation
develop that are themselves L-R asymmetric in shape for this difference in response to Shh and Nodal could
and position, such as the stomach, or that form specifi- be that additional factor(s), also downstream of Shh, act
cally on the left or right side of the body, such as the in conjunction with Nodal to direct heart looping and
spleen. These asymmetries are evolutionarily conserved, other aspects of L-R morphogenesis. Consistent with
underlining the importance of L-R differences in the de- this, two additional L-R asymmetric members of the
velopment of the vertebrate body plan. TGFb family have been described in the mouse. Lefty-1
Until recently, the genetic underpinning of these mor- is expressed exclusively on the left side of the embryonic
phological asymmetries was completely unknown. Lately, midline, while Lefty-2 is expressed in the left lateral plate
there has been enormous progress identifying a cas- mesoderm in a domain very similar to that of Nodal
cade of secreted signals that are asymmetrically ex- (Meno et al., 1996, 1997). Like Nodal, expression of
pressed prior to L-R-specific morphogenesis and that Lefty-1 and -2 correlate with morphological asymmetry
are capable of directing subsequent asymmetric organ- in various genetic backgrounds in which situs is per-
ogenesis (King and Brown, 1997). One of the earliest turbed.
described asymmetric signals is encoded by Sonic Exposure to Shh or Nodal can independently regulate
hedgehog (Shh), which is expressed exclusively on the different aspects of L-R specification such that the di-
left side of Hensen's node during chick gastrulation rection of heart looping can be altered independently
of the direction of gut coiling and vice versa (Levin et
al., 1997; Sampath et al., 1997). It is possible that each*To whom correspondence should be addressed.
²These two authors contributed equally to this study. organ primordium responds to these left-sided factors
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by activating distinct target genes, which direct L-R
asymmetric morphogenesis. Alternatively, a common
genetic target of Nodal and other left-sided TGFb mole-
cules may mediate laterality decisions in all L-R asym-
metric organs throughout the embryo. Identifying the
targets of L-R asymmetric signaling is important be-
cause, despite recent advances in our understanding of
how L-R signals are propagated during embryogenesis,
little is currently known about the cellular changes that
underlie asymmetric morphogenesis.
The isolation of genes responsible for human genetic
disorders has led to the identification of many develop-
mentally important genes. Rieger syndrome is a domi-
nant disorder causing defects in the anterior chamber
of the eye and dental hypoplasia, which mapped to a
Figure 1. Pitx2 Amino Acid Alignmentgene encoding a novel homeodomain transcription fac-
Comparison of the deduced amino acid sequences of Pitx2 fromtor, initially called REIG (Semina et al., 1996). This gene
chick (cPitx2, this report), mouse (mPitx2, Genbank accession num-
was also isolated in the context of its role in pituitary ber U80010), and human (hPITX2, Genbank accession number
development and has been variously called Otlx2 (Muc- U69961). The characteristic paired-type homeodomain (underlined)
chieli et al., 1997), Brx1 (Kitamura et al., 1997), and Pitx2 is 100% conserved between chick, mouse, and human. Outside the
homeodomain a high degree of conservation (97%) is maintained(Gage and Camper, 1997). As a presumed haploinsuffi-
between the chick, mouse, and human sequences.ciency phenotype, the affected tissues in Rieger syn-
drome may not be informative of the full range of devel-
opmental processes in which Pitx2 plays a role. Its
1998) and the other corresponding to the chick Pitx2expression pattern in mice includes the craniofacial re-
(formerly known as Pitx2) (Kitamura et al., 1997). Withingion, consistent with the Rieger phenotype, limbs, and
the paired-type homeodomain, the chicken Pitx2 geneanterior CNS late in development, but its early expres-
shows 100% identity to the mouse and human Pitx2sion profile has not been previously described.
gene at the amino acid level, and overall the similarityWe show here that Pitx2 is expressed during early
is 97% (Figure 1 and data not shown).chick development in the lateral plate mesoderm and
that, strikingly, this expression is exclusively found on
Expression of Pitx2 during Early Chick Developmentthe left side of this tissue. This expression is induced
Suggests a Role in L-R Specificationin response to asymmetric signaling by Shh and Nodal,
The developmental expression pattern of Pitx2 was ana-consistent with Pitx2 playing a pivotal role in L-R mor-
lyzed at a variety of stages by whole-mount in situ hy-phogenesis. Unlike Nodal and Lefty, Pitx2 expression
bridization. Several interesting domains of expressionpersists during organogenesis, encompassing the left
could be observed. At stage 25 (Hamburger and Hamil-but not the right side of all the derivatives of the lateral
ton, 1951), Pitx2 is expressed throughout the myogenicplate mesoderm that subsequently become asymmet-
population of the somites, as well as in myoblasts thatric, including the heart and gut, and is also expressed
have migrated into the limb buds (Figures 2A and 2B),at elevated levels in the left splanchnopleura during em-
suggesting that this transcription factor may play a rolebryonic rotation. Moreover, misexpression studies of
in regulating muscle-specific gene expression analo-Pitx2 show that it is capable of altering the situs of the
gous to the role played by another paired-type homeo-heart, gut, and embryonic rotation. Therefore, induction
domain gene, Pax3 (Goulding et al., 1991).of the transcription factor Pitx2 in organ primordia ap-
In addition to its expression in myoblasts, Pitx2 haspears to be a common response to asymmetric signal-
a unique and intriguing pattern of expression suggestiveing, initiating the morphogenetic events that ultimately
of an important role in theestablishment of L-R asymme-direct the L-R specificity of body organs.
try. Beginning at stage 8, Pitx2 is expressed in a broad
domain in the left lateral plate mesoderm but is com-
pletely absent from the equivalent cells on the rightResults
side (Figure 2D). At this stage, there is also prominent
expression in the head region and in the extraembryonicIsolation of a Chick Pitx2 Gene
Paired-type homeodomain proteins have been shown to endoderm (EE) without apparent L-R bias (Figures 2F
and 2G, respectively). During stages 9±10, the asymmet-play important roles in vertebrate development, ranging
from patterning decisions (Matsuo et al., 1995; Ang et ric expression domain continues to encompass the en-
tire left side lateral plate (Figure 2E). The timing andal., 1997) to cell-type specification (Furukawa et al.,
1997). To further explore the developmental functions location of this asymmetric domain are reminiscent of
the expression pattern we previously observed for theof this interesting class of genes, we carried out a screen
of a chick cDNA library for paired-type homeobox se- secreted protein Nodal during chick embryogenesis
(Levin et al., 1995), as well as that reported for the genequences. Utilizing a probe generated by PCR based on
the sequence of the murine paired-class gene Pitx1, we Lefty-2 in the mouse (Meno et al., 1997). To get a more
accurate view of how the expression patterns of Nodalidentified two distinct clones, one encoding the chick
homolog of Pitx1 (formerly known as Ptx1) (Logan et al., and Pitx2 relate to one another, we carried out parallel
Pitx2 Mediates Situs-Specific Morphogenesis
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Figure 2. Expression of Pitx2 Suggests at Least Two Distinct Roles during Embryogenesis
(A) Whole-mount in situ hybridization and (B) section in situ hybridization of a stage 25 chick embryo with a Pitx2 probe showing expression
in the epaxial myotome (EM) and in the migrating myoblasts (MM) in the limb buds (indicated by arrows in [B]). (B) is a transverse section at
the level of the wing bud; the dorsal surface points toward the top of the page. (C±J) Comparison of expression of Pitx2 (C±G) and Nodal
(H±J) between stages 7 and 10. Whole mount in situ hybridization shows that both genes are expressed in a broad asymmetric domain in the
left lateral plate mesoderm (LPM) (seen in ventral view in [C±E] and [B±J]). At stage 7, Pitx2 is not yet asymmetric and is expressed bilaterally
in the cephalic mesoderm (CM), (C) Pitx2 is induced in the left LPM at stage 8 (D) but remains bilaterally symmetric in the cephalic mesoderm
and ectoderm (F). Through heart fusion stages, this expression pattern persists at which time expression is strongest in two distinct anterior
and posterior domains (E). Pitx2 is also expressed bilaterally in the extraembryonic tissue (C±E). Expression outside of the embryo is restricted
to the extraembryonic endoderm (EE) as shown in a section of a stage 8 embryo (G); note that the left-sided extraembryonic endoderm was
lost during processing this example. The onset of Nodal expression precedes that of Pitx2, initiating in two discontinuous domains in the
paraxial mesoderm and LPM adjacent to Hensen's node (H). The expression of Nodal expands throughout the LPM as Pitx2 expression is
initiated (I), but then retracts caudally to a domain at the level of the tail bud, corresponding to the posterior domain of strong Pitx2 expression (J).
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Figure 3. Asymmetric Gene Expression during Heart Morphogenesis
Ventral (A±G) and lateral (H) views of the developing heart.
(A) Prior to the fusion of the heart tubes, at stage 8, whole-mount in situ hybridizations show that the left-sided domain of Nodal expression
extends into the caudal region of the cardiac primordia. (B) Sections of embryos after the whole-mount in situ hybridizations show that Nodal
expression is in the forming myocardial layer. This expression is transient and is not seen at subsequent stages. (C, E, G, and H) Whole mount
in situ hybridizations show that Pitx2 expression extends through the entire left-side precardiac mesoderm at stage 81, prior to fusion of the
heart primordia (C), in the linear heart tube at stage 10 (E), during heart looping at stage 12 (G) and subsequently at stage 17 (H). Sections
of stage 9 (D) and stage 10 (F) whole mounts shows that Pitx2 is expressed in the left myocardium as well as bilaterally in the cephalic
mesoderm.
whole-mount in situ hybridizations with each probe at 4D). While Pitx2 is not strictly unilateral in its expression
in the lateral body wall, it is detected at a significantlya number of stages, carefully determined by somite
number. We find that the onset of Pitx2 expression is higher level in the left body wall as the embryo rolls up
and undergoes rotation (Figure 4C).delayed relative to that of Nodal (Figures 2C and 2H).
Starting at stage 9, Nodal expression retracts caudally,
until it is limited to a discrete domain left of the tail bud Pitx2 Expression Is Regulated by the Shh-Nodal
Signaling Cascade(Figure 2J). At this stage Pitx2 expression is seen in two
distinct lateral mesodermal domains; one throughout The expression pattern of Pitx2 suggested that it might
be regulated by the previously defined signals controllingmost of the anterior lateral plate, and a second overlap-
ping with Nodal adjacent to the tail bud (Figure 2E). L-R asymmetry in the chick, Shh, and its downstream
target Nodal (Levin et al., 1995, 1997; Pagan-WestphalThese patterns are consistent with the diffusable factor
encoded by Nodal acting upstream, to induce the ex- and Tabin, 1998). To test whether these upstream sig-
nals are necessary for Pitx2 induction, we took advan-pression of Pitx2.
tage of a blocking monoclonal antibody directed against
Shh protein, previously shown to interfere with Shh sig-Asymmetric Expression of Pitx2 in Lateral
Plate Mesoderm Derivatives naling in vivo and in vitro (Ericson et al., 1996) and to
completely prevent downstream expression of NodalAlthough Nodal is asymmetrically expressed in the early
lateral plate, its expression disappears prior to morpho- (Pagan-Westphal and Tabin, 1998). Beads soaked in this
reagent were placed on the left side of Hensen's nodegenesis of most asymmetric organs. For example, it is
never seen in the primitive gut mesoderm, and it is only at stage 5, the time when asymmetric signaling by Shh
is initiated (Pagan-Westphal and Tabin, 1998). Embryostransiently observed in the posterior-most part of the
left-sided cardiac primordium at stage 8, prior to heart treated in this manner never express any detectable
level of Pitx2 in the lateral plate mesoderm (Figure 5B,tube fusion (Figures 3A and 3B). In contrast, Pitx2 is
expressed throughout the left side of the heart tube n 5 6). Control antibodies delivered in a similar manner
have no effect on Pitx2 expression (Figure 5A).throughout the process of heart looping and morpho-
genesis (Figures 3C±3H). Section in situ hybridizations To test whether signaling downstream of Shh is suffi-
cient to induce Pitx2 expression, a bead soaked in Shhreveal that this expression is limited to the myocardium
of the heart tube (Figures 3D and 3F). Pitx2 is also ex- protein was placed on the right side of Hensen's node
at stage 5, resulting in bilateral exposure of the embryopressed throughout themesodermal layer of the left side
of the entire primitive gut (Figures 4A±4D) and remains to Shh. This procedure has previously been shown to
result in bilateral expression of Nodal (Levin et al., 1997).expressed in this domain during asymmetric morpho-
genesis of the stomach (Figures 4A and 4B) and the Similarly, we find that Shh protein application invariably
leads to bilateral Pitx2 expression (Figure 5C, n 5 7).budding of the various gut derivatives (Figures 4C and
Pitx2 Mediates Situs-Specific Morphogenesis
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Figure 4. Pitx2 Is Expressed along the Entire Length of the Gut Tube, Exclusively on the Left
Ventral views of the stomach (A) and lower gut tube (C) of a stage 18 embryo following whole-mount in situ hybridization. In situ hybridizations
on transverse sections of stage 20 embryos at the level of the stomach (B) and intestine (D). Pitx2 is expressed in both the somatopleural
and splanchnopleural mesodermal layers (B and C), but Pitx2 expression is strictly unilateral in the splanchnopleura, which contributes the
visceral mesoderm to the gut (A±D). As the somatopleura forms, the ventral body wall Pitx2 is strongly expressed in the left side, while
significantly weaker expression is detected on the right (C). Plus and minus signs indicate tissue expressing and not expressing Pitx2,
respectively.
Shh acts indirectly, through a cascade of signals, to Using a control retrovirus expressing the easily assay-
able green fluorescent protein (GFP), we found that uni-induce Nodal expression (Pagan-Westphal and Tabin,
1998). In principle this pathway could diverge upstream laterally infecting the cardiac primordium at stage 4 (Fig-
ure 6A) in some cases results in infection of the entireof Pitx2 induction. To see whether Pitx2 is regulated by
Nodal, we misexpressed Nodal directly on the right side injected side of the developing heart tube by the time of
its fusion along the midline (Figures 6B and 6C). Controlof the embryo by infecting with a replication-competent
retrovirus engineered to express it (Levin et al., 1997). viruses had no effect on heart looping (n 5 34), even
when the heart tube was completely infected. In con-Nodal misexpression results in ectopic expression of
Pitx2 throughout the lateral plate (Figure 5E, n 5 3/5). trast, RCAS-Pitx2 virus produced a range of heart mor-
phologies in similar infections (n 5 50). Nineteen em-Although Nodal expression is initiated prior to that of
Pitx2, it was also possible that Pitx2 might feed back to bryos were directly assayed for viral misexpression by
in situ hybridization revealing significant variability ininfluence further expression of nodal. We constructed
a replication-competent retroviral vector to express the our misexpression. Embryos with poorly infected hearts
(for example, Figure 6D) always resulted in normal, right-Pitx2 gene (RCAS-Pitx2). Misexpression of Pitx2 on the
right side of the embryo does not appear to induce looping heart tubes. In only 20% of theembryos assayed
was the right cardiac tissue strongly infected withectopic Nodal (n 5 6), nor does it seem to alter the
normal expression domain of Nodal on the left (data not RCAS-Pitx2 (for example, Figure 6E). However, in these
examples we observed significant alterations in heartshown). Similarly, Pitx2 does not appear to alter the
expression of cSnR1 (Isaac et al., 1997), a gene normally looping. By extrapolating the percentages from this
assay to the entire data set of injected embryos, wefound in the right lateral plate mesoderm and repressed
by Shh signaling on the left (data not shown). could estimate the number that were poorly infected.
After removing this estimated number from the total,
the predominant morphology was bilaterally symmetricPitx2 Regulates Asymmetric Morphogenesis
of the Heart hearts that remained in the midline (63%, n 5 11; Figure
6F). Equal numbers of the remaining hearts looped inWe used the same RCAS-Pitx2 virus to directly test
whether Pitx2 plays a role in L-R asymmetric patterning. the reverse, leftward direction (18%, n 5 11; Figure 6F)
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Figure 5. Pitx2 Is Regulated by the Shh-Nodal Signaling Cascade
Ventral views of whole-mount in situ hybridizations showing Pitx2
expression. Implanting control beads to the left of Hensen's node
at stage 5 have no effect on the expression of Pitx2 in the left LPM
(black arrows) or cephalic mesoderm (red arrows) at stage 8 (A). In Figure 6. Pitx2 Regulates Left-Specific Morphogenesis of the Heart
contrast, similar treatment with beads soaked in anti-Shh antibody and the Direction of the Body Rotation
results in lack of Pitx2 expression in the left LPM at stage 8, although
Using a protocol designed to target viral infection unilaterally to the
it has no effect on expression in the cephalic mesoderm (B). Beads
cardiac mesoderm, virus was injected into the right side of stage 4
soaked inShh protein implanted to the right of Hensen's node results blastoderm in an area depicted in schematic (A). A retrovirus encod-
in bilateral expression of Pitx2 in the LPM at stage 8 (C). Infection ing GFP was targeted to this region; infection can be seen in dark
of the right side of the embryo at stage 4 with a retrovirus expressing field at stage 8 throughout the right cardiac region as well as scat-
nodal also results in bilateral expression of Pitx2 in the LPM and tered elsewhere on the right side, in ventral view (B). The same
developing heart tube (E). This is in contrast to embryos infected embryo in bright field confirms that the right heart tube is uniformly
with an alkaline phosphatase virus, which showed no alteration in infected (C). A similar targeting of the Pitx2 virus resulted in a range
the expression of Pitx2 (D). Embryos in (D) and (E) were harvested of infections, as detected by whole-mount in situ hybridization to a
at later stages to allow sufficient spread of viral infection. Pitx2 viral-specific probe. Many embryos showed a very low level of infec-
expression in the LPM is indicated by a plus sign, and lack of Pitx2 tion (D); however, 20% were heavily infected throughout the right
expression is indicated by a minus sign. side of the heart tube (E), as with the GFPvirus. Note that the embryo
in (E) has a reversed left-looped heart (shown in ventral view). The
Pitx2 virus resulted in several distinct heart morphologies, including
heart looped to the right, to the left, and apparently isomeric heartsor in the normal rightward direction (18%, n 5 11; Figure
that were bilaterally symmetrical and remained in the midline (F).6F). These phenotypes are very similar to those seen
Pitx2 infections also resulted in some reversals in the direction offollowing Nodal misexpression (Levin et al., 1997). Under
body rotation; see in ventral views of stage 131 embryos (G). Direc-
the New culture conditions used in these experiments, tion of rotation can be noted by the direction the head curves (red
carefully centering the embryo with respect to the glass arrows); the side to which the eyes are facing and the angle at which
ring and eliminating from consideration any embryos the caudal heart meets the midline (pink arrows). The direction of
body rotation following Pitx2 infection is independent of the direc-that had grown to touch the side of the ring, embryos
tion of heart looping (blue arrows).never exhibit reversal in the normal direction of heart
looping (Levin et al., 1995). Moreover, hearts with the
bilaterally symmetrical morphology have never been ob-
served in our experiments under any culture conditions from perfectly normal-looking linear heart tubes at stage
10, and hence do not represent examples of cardia bi-other than following Nodal or Pitx2 misexpression.
The hearts we describe as bilaterally symmetric formed fida. One interpretation of the bilaterally asymmetric
Pitx2 Mediates Situs-Specific Morphogenesis
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hearts is that they are left isomerisms, heart tubes that looped to the left or right (Figure 6G), as previously
observed with Shh misexpression (Levin et al., 1997).respond to the presence of bilateral Pitx2 protein by
attempting to loop toward both directions at once. An
alternative view would be that Pitx2 affects heart mor-
Pitx2 Affects Asymmetric Morphogenesisphogenesis but does not directly impart a left-sidedness
of the Gutto the heart tube. In that view, the bilaterally symmetric
Pitx2 is also expressed asymmetrically in the left buthearts would merely reflect aberrant growth in response
not the right developing gut mesoderm. To test the roleto Pitx2 misexpression. To verify that Pitx2 is capable
of Pitx2 in gut development, we targeted the RCAS-of directing the situs of heart looping, we attempted to
Pitx2 virus to the mesoderm on the right side of theblock the endogenous Pitx2 expression on the left with
embryo, derivatives of which give rise to the primitivethe anti-Shh antibody while misexpressing Pitx2 on the
gut tube. The gastrointestinal (GI) tract undergoes L-Rright by viral infection. If Pitx2 were indeed responsible
morphogenesis later than heart looping and embryonicfor directing heart situs, such a protocol should result
rotation, and embryos do not survive long enough toin reversals in heart looping, and, more importantly, in
observe gut situs in New culture, the method used inthe absence of confounding bilateral expression of Pitx2
experiments on heart looping and embryonic rotation.no bilaterally symmetric hearts should result.
Infections were therefore done in ovo between stagesThe efficiency of application and delivery of the anti-
7±9. Using such a protocol, it was possible to target theShh antibody was significantly lower in this experiment
right side of the gut tube; however, it was difficult tothan in those described above, because in recovering
obtain a broad domain of viral misexpression prior tofrom the viral infection of the cardiac primordium, a layer
morphogenesis, as verified by whole-mount in situ hy-of liquid forms over the embryo in New culture, which
bridization with a probe for RCAS (data not shown).destabilizes the bead. When the bead becomes dis-
Nonetheless, changes in the normal L-R asymmetrieslodged it results in only a partial block of Shh signaling
of the gut were observed. Of a total of 79 embryosand Pitx2 induction. Hence, in control experiments in
injected in the foregut region with an RCAS-Pitx2 virus,which embryos were infected with a control (alkaline
6 embryos showed situs defects of the GI tract. Twophosphatase) virus and then treated with blocking anti-
embryos had a complete situs inversus of the foregut,body, only 7% (n 5 15) of the embryos formed hearts
two additional embryos had stomachs with reversedthat looped to the left (instead of the expected 50%).
situs, the proventricularis being located on the right sideHowever, even though the effect of the anti-Shh anti-
of the stomach instead of the left side, and three em-body was not complete, it was sufficient such that infec-
bryos (including one with a reversed stomach) had rever-tion with RCAS-Pitx2 followed by treatment with anti-
sals in the situs of the crop (Figure 7). Since we sawShh antibody resulted in no bilaterally symmetric hearts
situs changes in only 7.6% (6/79) of the GI tracts, weand in a concomitant increase in the percent of embryos
examined a large number of control embryos to be cer-in which the heart looped to the left, compared to Pitx2
tain that the effect was specific to Pitx2 misexpression.infection alone. Pitx2 infection plus anti-Shh antibody
Embryos infected with control viruses (e.g., RCAS-alka-treatment resulted in no bilaterally symmetric hearts and
line phosphatase virus) using an identical injection pro-30% reversed looping, while in parallel experiments
tocol showed no situs defects in any of the embryosPitx2 infection without the anti-Shh antibody resulted in
(n 5 245). Furthermore, we have never observed the20% of the embryos having bilaterally symmetric hearts
type of situs defects seen following Pitx2 misexpressionand 5% with reversed looping (n 5 20 for each group,
in uninfected embryos.p , 0.01 for the difference in outcomes plus or minus
the antibody treament). Thus, in the absence of left-
sided signaling downstream of Shh, right-sided misex-
Discussionpression of Pitx2 is capable of fully reversing the direc-
tion of heart looping.
Pitx2 Is a Transcription Factor Asymmetrically
Induced in the Embryonic Mesoderm
In attempts to understand the molecular control ofPitx2 Regulates Asymmetric Body Rotation
In addition to its influence on the developing heart tube, asymmetric organ development, a number of L-R asym-
metric genes have been described that are expressedthe stronger expression of Pitx2 in the left-side body wall
suggests that it could play a role in directing embryonic before any overt morphological sign of L-R asymmetry
and are hence candidates for factors acting upstream inrotation. The chick embryo, like other vertebrates, nor-
mally undergoes a characteristic rotation to its right situs specification. However, expression of these genes
disappears before organogenesis takes place, making(Figure 6G). Following RCAS-Pitx2 infection targeted to
the right body wall, we observed a number of embryos it unlikely that they play direct roles during L-R organo-
genesis.that rotated to the left (10%, n 5 50; Figure 6G). We
never observed left-sided rotation in control-infected We describe the expression and functional analysis
of Pitx2, the first gene known to exhibit asymmetricembryos. While the percentage affected is significantly
lower than the percentage effect on heart looping, we expression in developing organs as they undergo L-R-
specific morphogenesis. This striking expression pat-suspect that this is due to a lower efficiency of fully
infecting the entire lateral body wall. It could also indi- tern is highly suggestive of a role for Pitx2 during L-R
specification. Moreover, the timing and location of Pitx2cate that Ptix2 might be only one of the influences bias-
ing the direction of body rotation. The direction of body expression in the left lateral plate mesoderm (LPM), just
after the onset of Nodal expression, is consistent withrotation was independent of whether the heart tube
Cell
314
Figure 7. Pitx2 Regulates Situs during Gut
Morphogenesis
Virus carrying Pitx2 was targeted at stage 10
in ovo to the right visceral mesoderm of the
foregut and the resulting phenotypes exam-
ined at stage 27. This resulted in two cases
of complete situs inversus of the foregut de-
rivatives, including the orientation of the crop,
proventricularis, and gizzard (A). The small
intestine, which forms from the midgut, and
more caudal regions, which were not in-
fected, developed with normal situs. In other
cases only single organs, such as the crop,
showed reversed situs, while the rest of the
GI tract appeared normal (B).
Pitx2 being regulated by the Shh-Nodal signaling cas- the tail bud. Two similar domains of Nodal expression
have previously been noted in Xenopus (Hyatt and Yost,cade that directs L-R asymmetry. Evidence in support
of this view came from experimental alterations in the 1998). Interestingly, the posterior Pitx2 domain corre-
lates with the late expression domain of nodal, whichL-R signaling pathway. Ectopic Shh on the right side of
Hensen's node gives rise to bilaterally symmetric ex- by this time has retracted caudally. This posterior do-
main may reflect a site where Pitx2 is actively inducedpression of Pitx2, while abrogation of endogenous left-
sided Shh signaling results in loss of Pitx2 expression by Nodal, while at the same stage Pitx2 expression is
maintained in the anterior LPM in the absence of contin-in the LPM, demonstrating that Shh is both necessary
and sufficient for the expression of Pitx2. ued nodal signaling. The role of Shh, Nodal, and the
related TGFb family member Lefty-2 in regulating Pitx2Shh can thus induce both Nodal and Pitx2 expression.
To test whether these were parallel pathways or whether expression has been independently shown by several
laboratories in the chick, mouse, and frog (Campione etPitx2 was in fact downstream of Nodal in a single path-
way, we used a retrovirus expressing Nodal to infect al., unpublished data; Meno et al., 1998; Piedra et al.,
1998; Ryan et al., 1998; St. Amand et al., 1998; Yoshiokathe right-side LPM. This resulted in a duplication of the
Pitx2 expression domain in the right LPM, implying that et al., 1998),suggesting that this aspect of L-R asymmet-
ric signaling is widely conserved.a linear relationship exists between Shh, Nodal, and
Pitx2 signaling during the establishment of L-R asymme-
try. In reciprocal experiments, Pitx2 never induced ec- Role of Pitx2 in Regulation of Organ Situs
We have misexpressed Pitx2 in the right side of thetopic Nodal expression. Interestingly, Pitx2 is never in-
duced in paraxial mesoderm of embryos exposed to the heart and gut primordia of the chick embryo. Right-
sided misexpression of Pitx2 is sufficient to alter theNodal-expressing virus, even though paraxial tissue is
infected (data not shown). Therefore, there is a differ- situs of the heart and stomach, as well as the direction
of body rotation. The most common altered heart phe-ence between the cells in paraxial versus lateral plate
mesoderm in their competence to respond to Nodal notype was bilaterally symmetrical hearts that never
looped. This is what would be expected if the role ofsignaling. This is consistent with the observation that
endogenous Pitx2 is not expressed in paraxial tissue Pitx2 were to direct heart looping, as right-sided infec-
tion with Pitx2 virus results in hearts containing Pitx2 indespite a small but strong normal left-sided domain of
Nodal expression within this region (Figures 2C and 2F). both left and right halves, which would then try to loop
in opposite directions. By this model, one would predictIn the stage 10 embryo, the expression pattern of
Pitx2 seems to be divided into two domains: an anterior that those hearts which become bilaterally symmetric
after right-sided infection would have looped to the leftdomain that includes the heart tube and extends through-
out the LPM, and a posterior domain that is adjacent to in the absence of endogenous, left-sided Pitx2. We
Pitx2 Mediates Situs-Specific Morphogenesis
315
tested this by misexpressing Pitx2 in embryos that had Activin Receptor IIB. This receptor has recently been
suggested to be the receptor for Nodal (Oh and Li, 1997).been exposed to anti-Shh antibody and were able to
Since we have placed Pitx2 downstream of Nodal, itshow that this gives rise to significantly more left-looped
is predicted that Pitx2 would not be expressed in thishearts instead of bilaterally symmetric hearts. Not only
mutant. Intriguingly, the predominant phenotype in thedoes this experiment imply that Pitx2 is involved in the
Activin Receptor IIB mutant is a right isomerism (Oh andL-R morphogenesis of the heart, but it further supports
Li, 1997). Thus, bilateral Pitx2 results in a bilateral leftthe view that bilaterally symmetric hearts obtained in
phenotype, and (presumed) bilateral absence of Pitx2Pitx2 infections were true isomers, as opposed to mal-
results in a bilateral right phenotype.formed hearts.
Our data suggest that during the normal developmentThe L-R-specific morphogenesis of the GI tract also
of the heart tube, the induction of left- and right-specificappears to beregulated by Pitx2. Pitx2 is asymmetrically
differences within the heart tube is sufficient to createexpressed throughout the left side of the gut mesoderm
morphological asymmetries that lead to heart looping.from the time the primitive linear gut tube forms through
Thus, when we block all left-side asymmetric signalsasymmetric morphogenesis. Misexpression of Pitx2 in
with an antibody against Shh and then introduce Pitx2the mesoderm on the right side of the developing gut
on the right, the one-sided expression of Pitx2 is enoughcan alter the situs of the GI tract.
to yield leftward heart looping. However, under normalPitx2 is expressed in the mesoderm on the left side
circumstances, there appear to be additional influencesof the developing embryonic GI tract from the earliest
downstream of Shh that provide a strong force drivingstages that the splanchnic mesoderm contacts the en-
heart looping. Although ectopic Shh introduced to thedoderm. It is not known at what stage L-R asymmetry
right side induces bilateral Pitx2, the resulting heartof the gut is patterned, but the normal situs of the gut
tubes do not remain in the midline like the isomericstructures can be seen by 4 days of incubation in chick
hearts produced in Nodal and Pitx2 infections, but ratherembryos, which is prior to regionalized patterning of the
they loop in a random direction. Although this unknownendoderm by mesodermally derived signals (Ishizuaya-
heart loop-promoting influence is downstream of Shh
Oka, 1983). This suggests that this L-R patterning event
and hence likely to be localized on the left, its activity
occurs earlier than the subsequent mesodermally de-
need not be directional; it could rather act to promote
fined A-P patterning events. It is interesting to note that
cellular properties such as proliferation, motility, or con-
Shh appears to be a key signal in both A-P and L-R traction to destabilize the linear heart tube and predis-
aspects of gut patterning in the chick. Shh acts early in pose it toward looping.
the L-R signaling cascade (Levin et al., 1995; Pagan- Pitx2 also affects the situs of the gut and of body
Westphal and Tabin, 1998), upstream of Pitx2 in the meso- rotation. In these, however, we did not observe isomeric
derm, leading to determination of the situs of the gut; phenotypes but rather saw L-R reversals. This may imply
Shh also acts later as an endodermal signal to the meso- that the initiating event in gut coiling and in body rotation
derm during A-P patterning of the gut (Roberts et al., is not dependent on any additional pathways down-
1995; Apelqvist et al., 1997). A role for Pitx2 in the mor- stream of Shh in addition to Nodal and Pitx2.
phogenesis of the heart and gut has been independently The cellular basis of heart looping, gut coiling, and
shown during Xenopus development (Campione et al., body rotation is not currently known. However, the
1998). speed with which these morphogenic processes occur
suggests that they are likely driven by rapid changes in
cell shape, driven by contractive forces generated by
Pitx2 and Morphogenesis the cytoskeleton. In this regard, it is worth noting that,
While enormous progress has been made in the last in addition to expression in tissues undergoing these
decade in understanding the positional cues that are asymmetric rotations, Pitx2 is also expressed in the
essential for embryonic pattern formation, how they are myoblasts, which also prominently express contractile
translated into proper organogenesis remains largely proteins. An interesting possibility, therefore, is that
mysterious. The identification of Pitx2 as a transcription genes encoding components of the cellular contractile
factor that apparently acts in an autonomous manner system might be direct targets of the Pitx2 transcription
to regulate heart looping morphogenesis provides a link factor.
between the earlier patterning signals and the cellular A fundamental conclusion from this study is that the
changes that drive morphogenesis. same response gene, Pitx2, is activated in a variety of
In the heart, the role of Pitx2 seems to be, at some organ precursors by the left-side-specific TGFb signals.
An important question is how this common transcriptionlevel, to provide half the heart tube with a distinct ªleftº
factor leads to distinct responses in the context of theidentity. We have interpreted the predominant pheno-
different organs. The ability to manipulate expression,type resulting from bilateral Pitx2 expression as a left-
both in vitro and in vivo, will allow the cellular mecha-left isomerism, suggesting that Pitx2 is sufficient for
nisms underlying the morphogenesis of the heart, gut,ªleftnessº and that ªrightnessº might be the default
and body rotation to be explored more directly in thestate. Consistent with this interpretation, mice carrying
future.a mutation in the gene Lefty-1, which expresses Pitx2
on both sides, have hearts with morphological features
Experimental Proceduresof left-left isomerisms (Meno, et al., 1998). Further evi-
dence favoring this model of Pitx2 as a factor specifying Cloning of Pitx2
leftness, comes from the analysis of the heart phenotype To isolate chick homologs of the Pitx2 gene we screened an oligo
dT-primed chick limb (stages 18±24) library using conventionalin mice carrying a homozygous targeted deletion in the
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methods with a mouse probe generated by PCR. Based on the embryos were discarded from the analysis prior to heart fusion
stages, in both experimental and control groups. After these weresequence of mPtx1/P-OTX (Lamonerie et al., 1996; Szeto et al.,
1996) we designed primers OTHinf: CCAGCGAATCGTCCGACGCT eliminated, nodifference was observedbetween embryos implanted
with the anti-Flag beads and those where beads were not intro-and OTXho: CAAGGCTCGAGTTGCACGTG. A 720 bp fragment PCR
fragment (nucleotides 167±887) was generated using the One-Step duced.
RT-PCR kit (Life Technologies) following the manufacturer's instruc-
tions. Total RNA, extracted from a single E14.5-15 mouse head, was Whole-Mount and Section In Situ Hybridization
used as template. PCR conditions were 558C, 30 min; 948C, 2 min Embryos were fixed in 4% paraformaldehyde and processed as
for the first strand synthesis, followed immediately by PCR amplifi- described in Levin et al. (1995). The probe for cPitx2 was prepared
cation, 948C, 15 s; 558C, 30 s; 728C, 90 s; 40 cycles, 728C, 5 min. A by digesting the template DNA(OT19) with PstI and transcribing with
single band of the correct size was cloned into the pGEM T vector T7 RNA polymerase. The probe templates for cSnR1, cNodal, and
(Promega) following the manufacturer's instructions. Sequencing RCAS (RCS) have been described previously (Morgan and Fekete,
confirmed that the clone contained a fragment of the mouse Pitx2 1996; Isaac et al., 1997; Levin et al., 1997; Pagan-Westphal and
gene. Filters of the plated cDNA library were hybridized in 30% Tabin, 1998). Section in situ hybridizations were carried out as de-
formamide; 10% dextran sulphate; 23 SSC, 0.1% SDS at 428C over- scribed in (Bao and Cepko, 1997).
night and washed in 23 SSC, 0.1% SDS at 558C. Of the positive
clones obtained, one, OT19, contained theentire open reading frame
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